Objective: The hypothesis being tested in the present study is that increased anisotropic properties occurs in the remodeled 1 post-infarction heart due to spatial alterations in Kv channels expression and K currents of the remodeled myocardium. Methods: Three 1 to 4 weeks post myocardial infarction (MI) in the rat, we measured the two components of the outward K current, I
Introduction
of APD, 3-4 weeks after MI could be explained, in part, 1 by downregulation of key K channel genes [2] resulting In recent years, the importance of ventricular remodelin decreased current densities of both components of ing after myocardial infarction (MI) on long-term survival transient outward currents; I and I [1] . The to-fast (f) to-slow (s) has been better appreciated. Studies from our laboratory electrophysiological substrates for reentrant tachyarhave shown that 3-4 weeks post-MI the noninfarcted rhythmias are spatial heterogeneity of cardiac repolarizamyocardium undergoes significant hypertrophy as part of tion and / or conduction. The hypothesis being tested in this the remodeling process [1] . Electrophysiological studies study is that increased anisotropic properties occurs in the indicated that the hypertrophic response of the noninfarremodeled post-MI ventricular myocardium. It is proposed cted remodeled myocardium engenders an arrhythmogenic that the changes are caused by regional alterations in the substrate, including prolongation of action potential duradensities of different Kv channel proteins and currents tion (APD), regional differences in APD, and increased resulting in regional variations in APD and hence heterotendency to early afterdepolarization (EAD)-triggered acgeneity of cardiac refractoriness. These changes could tivity and reentrant tachyarrhythmias [1] . The prolongation provide the electrophysiological substrate for reentrant excitation. Preliminary results were previously reported [3] .
Methods
ranging from 250 to 160 mV in steps of 10 mV. The current decay was fitted by two exponentials. The weights 2.1. Experimental model and time constants t and t correspond to I and I , f s t o -f t o -s respectively [1, 6] . Current density of both I and I and to-f to-s
The experimental protocol was approved by the local their voltage dependence were analyzed as previously institutional review board and conformed to the principles reported [1] . outlined in the Declaration of Helsinki (Cardiovascular Research 1997;35:2-3). Female Sprague-Dawley rats 1 weighing 200-250 g underwent either left anterior de-2.3. K channel RNA expression scending coronary artery ligation or sham operation as previously described [1, 4] . Briefly, after anesthesia with 35 Details of preparation of RNA from ventricular myocarmg / kg methohexital, i.p., and local anesthesia with 1% dium, RNase protection assay (RPA) and western blot xylocaine, the trachea was exposed in the midline and the analysis have been previously reported [2] . In both sham rats were intubated under direct vision and ventilated with and post-MI experimental groups, the left and right atrial room air. The chest was opened by anterolateral appendages were carefully excised. For the post-MI exthoracotomy, and the pericardium was removed. The heart perimental group the infarct region was carefully separated was retracted with an apical suture, and the left anterior from the hypertrophied LV including the septum under a descending coronary artery was occluded with a 6-O suture dissecting microscope. To obtain tissue from epi, 1-2 mm below the left atrial appendage. Successful midmyocardium (mid), and endo of LV, the free wall of LV occlusion was confirmed by pallor of the anterior wall of was dissected free from the rest of the heart and laid out as the left ventricle and ST segment elevation. If neither a sheet between two glass cover-slips. The two largest changes were observed, the occlusion was re-attempted.
papillary muscles were then dissected from the bulk of the The incision was closed and 100 000 U benzathine penicilmuscle wall. After being quickly frozen, the inner endo lin was administered intramuscularly as a prophylaxis layer, approximately one third depth of the wall, was first against infection. The rats were extubated and allowed to dissected out with a surgical blade, and then the remaining recover in individual cages. Sham animals underwent an sheet was split in two to give the mid and epi regions. The identical surgical procedure without coronary ligation. All tissues were rinsed in saline to remove excess blood, rats received standard care, including ad libitum food, snap-frozen in liquid nitrogen, and stored at 2708C. Total water, and a 12-h day / night cycle.
RNA was extracted from the LV as well as the right The rats were studied 3-4 weeks post-MI when comventricle (RV) using the standard protocol of Chomczynski pensated hypertrophy has peaked [5] . Post-MI and sham and Sacchi [8] of homogenization in acid guanidinium hearts were collected under deep anesthesia with 50 mg / kg thiocyanate followed by phenol-chloroform extraction and sodium pentobarbital (i.p.).
ethanol precipitation. The amount of RNA recovered in each sample was determined spectrophotometrically at a 2.2. Voltage-clamp recording and current analysis wavelength of 260 nm and the integrity of each sample confirmed by analysis on a denaturing agarose gel. For
1
Two distinct depolarization-activated K currents were Western blot analysis, the membranes were incubated with described in adult rat ventricular myocytes [6] . The Kv1.4, Kv1.5, Kv2.1 (Upstate Biotechnology, Lake Placid, characteristics of the fast component is similar to the NY, USA) and Kv4.2 / Kv4.3 (that recognizes both Kv4.2 4-aminopyridine-sensitive I and is termed I . The slow and Kv4.3 and was generously provided by Dixon et al., to to-f component has been termed I [6] or I [1, 7] . Epicardial SUNY HSC, Stony Brook, NY).
(epi) and endocardial (endo) tissues were obtained from the free wall of sham-operated rat heart and from the noninfarcted left ventricular (LV) wall of post-MI heart for 2.4. RNase protection assay (RPA) recording of I and I in epi and endo myocytes.
to-f to-s Details of cell isolation have been previously reported [1] . RPAs were performed through concomitant measureThe composition of external and internal solutions for ment of cyclophilin genes expression (internal standard) recording I
and I was previously published [1] . [2] . RPA was modified from the method described by to-f to-s Membrane capacitance and series resistance were compenKerig and Melton [9] . Previously described templates [2] 32 sated [1] . The currents were digitally recorded at room were used to prepare a P-UTP antisense-radiolabeled temperature (248C) and analyzed using pCLAMP software cRNA probes (MAXIscriptE, Ambion, Austin, TX, USA). (pCLAMP version 6.02, Axon Instrument Inc., Foster City, To differentiate between the specifically protected region CA, USA). Clampfit software was used to measure amof the probe and any remaining undigested probe, all plitudes and time constants of ionic currents. To analyze probes contain regions of plasmid sequence at one end of 1 the two outward K currents the cell was depolarized from the transcript. Yeast tRNA (10 mg) was used as a negative a holding potential of 2100 mV for 5 s to potentials control to test for the presence of probe self-complementa-tion by intramolecular hybridization, resulting in smaller 2.6. Statistical analysis than expected protected bands. To account for the relatively greater abundance of internal control mRNA comFor electrophysiological studies, data are presented as pared to potassium ion channel mRNA in cardiac tissues mean6S.E.M. Current amplitude, current density, and time and to avoid saturation of autoradiography in hybridizaconstants were determined at different test potentials. tions, the reaction was carried out in the presence of excess When the data could be fit to a physiologically appropriate 2 cold UTP (200 mM for cyclophilin), rendering a probe model with r .0.95, the parameters for that model were with less specific activity. To obtain full-length transcripts tested for differences between the sham-operated and postand lengthen the shelf life of the cRNA probes for all the MI groups. In experiments in which the response pattern potassium ion channels, transcription was done in the could not be fit, repeated measures ANOVA were used to presence of 25 mM cold UTP. All cRNA probes were test for differences between groups. Only linear models fit purified prior to use over 5% polyacrylamide / 8 M urea the criteria for acceptance, and for these models, the slope 4 gel. Concomitant hybridization of the two probes (1310 and intercept differences between groups were tested using 4 cpm ionic channel cRNA and 1310 cpm cyclophilin multiple regression. In all other cases, localization of cRNA per 10 mg total RNA sample) were carried out at differences between groups was determined using t-tests, 508C for 18 h followed by digestion with RNase A (250 with the Bonferonni correction applied to yield experimen-U / ml) and T1 (10 000 U / ml) [Ambion] at 378C for 30 tal a level of P#0.05. min. The reaction was terminated by the addition of SDS For comparisons of mRNA expression between sham and proteinase K followed by phenol-chloroform extracand post-MI myocardium the arbitrary densitometric units tion and ethanol precipitation. The protected fragments were normalized to the value of the cyclophilin gene and were visualized by autoradiography after electrophoresis were statistically compared by one-way ANOVA. The on a 5% polyacrylamide / 8 mol / l urea gel. Quantitative results were reproducible in two independent determievaluation was carried out using scanning densitometric nations, i.e. every sample pair had consistent changes in analysis. For comparisons between sham and post-MI level of mRNA expression in the post-MI relative to sham myocardium the arbitary densitometric units were normalexperimental groups. Differences in level of mRNA exized to the value of the cyclophilin gene.
pression and immunoreactive protein levels were considered significant at P,0.05 and dispersion from the mean was noted as mean6S.E.M.
Western blot analysis
Cardiac cell membrane preparation and Western blot analysis were performed as described previously by Barry I decreased in post-MI myocytes at both LV epi and LV to-s endo, the inactivation kinetics of both currents were not significantly changed. The data are summarized in Table 1 .
Regional changes in Kv gene expression and protein levels in the 3 -4 week-old post-MI rat ventricle
There are relatively minor differences in the abundance of the Kv1.5, Kv2.1 and Kv4.3 transcripts across the ventricular free wall [11, 12] . By contrast, Kv4.2 mRNA was found to be expressed in a steep gradient across the LV wall [11] . There was no change in the expression of Kv1.5 mRNA (Fig. 3) or protein level (Fig. 4) operated rat heart, the mRNA level of Kv4.2 in the epi region was 2.9 times higher than in the endo region of the LV free wall (Fig. 7) . Significant changes in the mRNA level between sham-operated and post-MI rats across the LV free wall were seen in Kv4.2 and Kv4.3 channel subunits expression. Expression of Kv4.2 channel message was decreased by 37, 28 and 46% in the epi, mid and endo zone of post-MI LV, respectively, compared to sham (all values are significant at P,0.05, n56) (Fig. 7) . Similarly, expression of Kv4.3 channel message was decreased by 31.4, 41 and 21.8% in the epi, mid and endo zones of post-MI LV, respectively, compared to sham (all values are significant at P,0.05, n56) (Fig. 8) . Fig. 9 shows that the protein levels of Kv4.2 / 4.3 in post-MI LV wall were decreased by 49, 53 and 51% in epi, mid and endo zones, respectively compared to the sham group (P,0.01). There was no significant change in the protein levels of Kv1.5, Kv2.1, Kv4.2 / 4.3 between RV of sham and post-MI rats (Figs 4, 6 and 9) .
We have previously reported that the mRNA level of Kv1.4 is reduced in the 3-4-week post-MI rat LV [2] . In the previously reported study we did not evaluate changes in the protein level of Kv1.4 since in a report by Barry et al.
[10] only a trace |97 kDa protein could be detected using the anti-Kv1.4 antibody. In the present study we investigated the protein level of Kv1.4 in the RV, LV endo and LV epi zones in sham and post-MI rat heart as well as higher compared to RV. In the post-MI heart the Kv1.4 protein level showed no significant change in RV but remodeling process is associated with compensatory hysignificantly decreased by 52 and 48% in LV endo and LV pertrophy of the noninfarcted portion of the LV. The epi, respectively (P,0.01).
hypertrophic response engenders distinct molecular and electrophysiological alterations that are potentially deleteri- 
4.
Discussion genes with consequent decrease of outward K currents contributing to prolongation of APD of hypertrophied We have investigated the well-established model of ventricular myocytes. We have previously shown that the post-MI remodeling in the rat heart and showed that the alterations in duration and configuration of APD is not the same in epi and endo regions of the LV thus resulting in increased heterogeneity of repolarization, an important substrate for reentrant tachyarrhythmias [1] . Spontaneous and / or induced ventricular tachyarrhythmias have been reported to occur in the rat model in the late post-MI phase [1, 13, 14] . The findings in the present study provide, in part, the molecular and electrophysiological basis of the arrhythmogenicity of post-MI heart. the mean values, with error bars indicating S.E.M. There was no rats. There was no significant change in the mRNA level of Kv1.5 across significant change in the Kv1.5 immunoreactive protein level across LV LV free wall or in RV of the 3-week post-MI group compared to the free wall, and also no significant change in the Kv1.5 protein level in RV sham-operated group (n56 for each group).
between the two experimental groups. from the free wall of the LV was approximately 3 to 1. This is similar to the findings in the present study where the expression of Kv4.2 in sham animals between epi and 4.1. Spatial heterogeneity in the expression of Kv endo myocardium, the later was obtained from the noninchannel subunits and I density in the post-MI rat farcted free wall of the LV, was 2.9 to 1. These data also to ventricle correlates with our finding that the density of I in epi to-f myocytes from sham animals is 2.3 times higher than that The main consistent electrophysiological abnormality in endo myocytes. In an early study, Clark et al. [18] associated with cardiac hypertrophy is prolongation of showed that peak I in rat myocytes obtained from epi to-f APD [15] . In the remodeled post-MI myocardium, it was and endo free wall was 2.24 versus 0.59 nA, respectively, important to ascertain whether the enlargement in myocyte at 150 mV depolarization. size is accompanied by proportional or disproportional Our electrophysiological studies have shown that alchanges in key sarcolemmal ion channels that could though I density in post-MI LV is decreased to a similar to-f contribute to the changes in APD. In this regard, we have degree across the LV wall significant differences in density previously reported that the prolongation of APD [3] [4] of I continue to exist between LV epi and endo. The role to-f 1 weeks post-MI was not related to alterations in the density of the different K currents and their relative influence in 21 or kinetics of the L-type Ca current which were not contributing to action potential profile is different in significantly different from control [1] . The electrophysiodifferent regions of the heart. This can explain the differlogical observations were consistent with our report of no ence in the action potential profile of LV epi and endo change in the mRNA level of the adult isoform of the a myocytes that was previously reported [1] . Our observa- We have previously shown regional variations in APD in the 3-4 week post-MI rat heart [1] . The present study is an attempt to provide the molecular and ionic basis of has not been addressed in the present study. Female rats these changes. It should be emphasized, however, that usually have been utilized as a model for post-MI remodel-1 conclusions regarding the correlation between action poing [1] [2] [3] [4] [5] . The first quantitative analysis of K channel tential configuration and current densities remain speculagenes in Sprague-Dawley rats also was done in young tive in the absence of reconstruction of simulated action adult female animals [11] . Female sex has long been potential that incorporates complete data on the density, associated with a slower rate of cardiac depolarization time course, and voltage dependence of all currents that based usually on analysis of surface ECG QT interval and contribute to the repolarization phase [1] . The electrowith a higher risk of developing drug-induced torsades de physiological characteristics of RV myocytes were not pointes arrhythmias [23] . Several studies have suggested investigated. However, we found no significant changes in that gender difference in the expression and / or modulation 1 Kv subunits expression in right ventricular myocardium of cardiac K channel genes and currents in some animal obtained from 3 to 4-week-old post-MI rat heart. Finally, models may underlie these changes [24, 25] . There is no the possibility of gender difference in post-MI remodeling data, however, on gender difference in the downregulation Further investigations are required to address these issues.
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